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Highlights  13 
• Power draw of an in-line rotor-stator was measured at a range of Reynolds numbers.  14 
• Effect of solids concentration is small in low viscosity fluids. 15 
• Higher continuous phase viscosity decreases breakup rate even in turbulent flow. 16 
• More energy efficient to operate at higher concentration if flow is turbulent. 17 
 18 
Abstract  19 
In-line rotor-stators are used in a range of energy intensive processes but there is 20 
relatively little published work with these devices on which to base process design. This study 21 
was performed to investigate the performance of an in-line rotor-stator for the de-22 
agglomeration of nanoparticle clusters in a liquid with the objective of determining the effects 23 
of solids loading (up to 15%wt) and continuous phase viscosity (up to 100 mPa·s) on the 24 
mechanisms and kinetics of breakup and dispersion fineness. A Silverson 150/250MS rotor-25 
stator equipped with the EMSC (Emulsor) screen was used in the recirculation loop of a stirred 26 
tank charged with 100 litres of pre-dispersion. It was shown that the power number values 27 
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previously obtained at Reynolds numbers greater than 200,000 are constant at Reynolds 28 
numbers as low as 2,400. 29 
It was found that the breakup kinetics were not significantly affected by the solids loading, 30 
within the range covered in this study. Whilst 10 and 15%wt. pre-dispersions in water were 31 
non-Newtonian, during the course of deagglomeration, the dispersion rheology changes 32 
resulting in a Newtonian final dispersion of a low viscosity- only slightly higher than that of 33 
water.  On the other hand, when the viscosity of the continuous phase was increased, the de-34 
agglomeration became slower even though the solids concentration was low (1%wt.) and the 35 
flow through the rotor-stator was still turbulent. This indicates that it is the flow conditions 36 
around the particle and not the bulk rheology of the dispersion that determines the kinetics of 37 
the de-agglomeration process. Breakup mechanism was found to be erosion and the 38 
dispersion fineness was determined by the size of aggregates. 39 
 40 
Key Words: in-line rotor-stator, nanoparticle clusters, breakup, de-agglomeration, particle 41 
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 43 
1. Introduction 44 
In-line rotor-stators are the preferred equipment for many high intensity large-scale 45 
applications in the chemicals, personal and health care, cosmetics, agricultural and food 46 
processing industries (Atiemo-Obeng and Calabrese, 2004). Despite their widespread use, 47 
the design and scale up of processes involving rotor-stator mixers are still highly empirical. It 48 
is on account of both the design- narrow gap between the rotor and stator, teeth, or the 49 
presence of holes - and the high operating speeds (thousands of rpm), that the rotor-stator 50 
mixers produce high levels of local energy dissipation and liquid velocities in the mixer head. 51 
Therefore, they are used in applications that require high levels of local energy dissipation, 52 
such as liquid-liquid dispersions (Carrillo De Hert and Rodgers, 2017; Håkansson et al., 2016; 53 
Jasińska and Bałdyga, 2017; O’Sullivan et al., 2018), de-agglomeration of particles (Bałdyga 54 
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et al., 2008a; Özcan-Taşkın et al., 2016; Padron et al., 2008), chemical reactions (Bałdyga et 55 
al, 2007; Jasińska et al, 2016). These devices have attracted more attention in the recent 56 
decades with more focus on the flow field in the mixer head and\or solid-liquid and liquid-liquid 57 
dispersion processes through both experimental (Padron et al., 2008; Özcan-Taşkin et al., 58 
2011; Hall et al., 2013; O’Sullivan et al., 2017)   and numerical studies (Orciuch et al, 2006;  59 
Bałdyga et al, 2008b; Özcan-Taşkın, et al 2011; Hakansson and Innings, 2017; Zhang et al., 60 
2017). 61 
This study was performed to investigate the effects of solids loading and continuous 62 
phase viscosity on the deagglomeration of nanoparticle clusters using an in-line rotor-stator. 63 
It also included the determination of power consumption with the in-line rotor-stator to extend 64 
the previously covered Reynolds number range (Re > 200,000) to lower values (Re > 2,400). 65 
An estimate of the power dissipation is essential in both correlating results from different 66 
processes and also to assess the process performance.  67 
The deagglomeration of nanoscale silica particle clusters was reported in a comparative 68 
study using three rotor-stator head designs for a dilute system: 1% wt. Aerosil® 200V in water 69 
(Özcan-Taşkın et al., 2016). As higher solid concentrations are of more interest in industrial 70 
practice due to the advantages of preparing a master batch, or the products may have a higher 71 
viscosity continuous phase, this study has been conducted to establish the effects of solids 72 
loading (up to 15%wt) in water and continuous phase viscosity (up to 100 mPa·s) for 1%wt 73 
particle concentration.  74 
The specific objectives of this study were to determine the effects of increasing either the 75 
solids concentration (up to 15%wt in water) or continuous phase viscosity (up to 100 mPa s 76 
for 1%wt solids concentration) on the mechanisms and kinetics of deagglomeration process 77 
using a given type of in-line rotor-stator.  78 
 79 
2. Experimental Set Up and Conditions 80 
4 
 
2.1. Equipment 81 
The experimental rig consisted of an in-line Silverson 150/250MS rotor-stator mixer 82 
installed in the recycle loop of a Perspex stirred tank with a diameter (T) of 0.61 m. The tank 83 
was equipped with a down-pumping stainless steel 45° pitched blade turbine (PBT). The PBT 84 
had a diameter (DI) of 0.42T, was mounted at a clearance (C) of T/4 and operated at 155 rpm 85 
(corresponding to a tip speed of 2.1 m/s). Figure 1 shows a schematic representation of the 86 
rig. A mesh was installed at the exit of the tank to ensure that no large debris could come into 87 
contact with the high-speed rotor-stator. On leaving the rotor-stator, it passed through a flow 88 
meter and a valve was used to control the flow rate. The total volume of dispersion in the 89 
system was 100 litres in all experiments. 90 
 91 
 92 
Figure 1. Experimental rig configuration 93 
 94 
Figure 2 shows the stators and rotor used in the study. The stator used for the silica break 95 
up experiments was a dual stage Emulsor (EMSC) screen, with both stages consisting of 7 96 
rows of 1 mm diameter round holes. The rotor also has two stages, the inner rotor consists of 97 
four blades and has a diameter of 38.2 mm and the outer rotor is comprised of eight teeth and 98 
has an external diameter of 63.5 mm. The width of the rotor-stator gap in both stages is 0.15 99 
mm. The calorimetry tests were performed using the GPDH+SQHS stator, which consists of 100 
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eight 10 mm diameter round holes (General Purpose Disintegrating Head) and the outer stator 101 
consisting of three rows of 2.4 x. 2.4 mm square holes (Square Hole High Shear Screen). 102 
 103 
 104 
Figure 2. Rotor-Stator Geometry. Left: EMSC stator, centre: rotor, right: GPDH-SQHS stator 105 
 106 
2.2. Materials 107 
The hydrophilic silica used as model particles for the de-agglomeration tests in the present 108 
study was Aerosil® 200V, supplied by Evonik Industries, formerly known as Degussa. This is 109 
a native, unmodified fumed silica with a concentration of surface silanol groups (Si-OH) of 110 
~2.5 [SiOH] groups/nm2 (Degussa Technical Bulletin No 11, 2006). The silanol groups render 111 
the silica surface hydrophilic and it can consequently be wetted by water. According to the 112 
manufacturers, the primary particles of Aerosil® 200V are 12 nm in diameter, the BET 113 
(Brunauer, Emmett & Teller) surface area is 200 ± 25 m2/g and its tapped density is 114 
approximately 120 g/l. Aerosil 200V is commonly used as a rheology modifier, anti-settling or 115 
anti-sagging agent in a number of products such as paints, inks, coatings, adhesives and 116 
sealants.  117 
 118 
For experiments performed on the effect of dispersed phase concentration, distilled water 119 
was used as the continuous phase and the solids loadings were 1, 10 and 15% wt. For 120 
experiments on the effect of continuous phase viscosity, 1%wt. Aerosil 200V was dispersed 121 
in aqueous glycerol solutions with viscosities of approximately 10 and 100 mPa·s.  Calorimetry 122 
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tests were performed by using either water or glycerol solutions. The glycerol used was 123 
“Glycerine BP” supplied by Industrial Suppliers (Wimborne) Ltd.  124 
 125 
2.3. Calorimetry Technique 126 
The power input was determined using the calorimetry technique, as described in Özcan-127 
Taşkın et al. (2011). This technique is based on the assumption that all the power supplied to 128 
the system by the rotor-stator will eventually be dissipated as heat. It requires measuring the 129 
temperature of the fluid as a function of time at a range of operational conditions (rotor speeds 130 
and flow rates). The temperature was measured by placing a thermocouple inside the tank, 131 
below the liquid surface and supported by one of the baffles. Distilled water and two glycerol 132 
aqueous solutions with glycerol concentrations of 60 and 84%wt, were used in these 133 
experiments. These corresponded to viscosities of approximately 10 and 100 mPa·s at 20°C. 134 
 135 
2.4. Operating Procedure and Conditions 136 
To minimise the hazards of using fine powders in an open laboratory, dry Aerosil 200V 137 
was first pre-wetted with distilled water or glycerol solution (depending on the test condition to 138 
be run) in a 20-litre bucket in a fume cupboard. This wetted slurry was then added to the stirred 139 
tank with the required amount of distilled water or glycerol solution to give the desired final 140 
concentration of 1, 10 or 15%wt, depending on the conditions being tested. This pre-dispersion 141 
was mixed for 10 minutes with the PBT at 155 rpm before the rotor-stator was started. 142 
Experiments were run at a given rotor speed of 7,950 rpm and dispersion flow rate of flow rate 143 
0.6 l/s, which corresponded to a tip speed (based on the external diameter of the outer stator) 144 
of 26.4 m/s and a specific power input of 7.1 W/kg.  The power input from the impeller in the 145 
tank is very small compared to that of the rotor-stator (0.25 W/kg) and therefore any de-146 
agglomeration cause by the impeller would be negligible. 147 
Samples were taken periodically during the experiment over a period of three hours from 148 
a sampling point immediately downstream of the rotor-stator. As the rate of change in particle 149 
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size was greatest initially, the time step between samples was shorter at the beginning of the 150 
experiment (every minute) and got progressively larger (up to half an hour) as the experiment 151 
progressed.  152 
 153 
2.5. Particle Size Measurements 154 
The particle size distributions of the samples were measured using a Beckman Coulter 155 
LS230, which uses laser diffraction and polarisation intensity differential scattering (PIDS) and 156 
can measure particles from 40 nm to 2 mm. The refractive index used for the Aerosil particles 157 
was 1.46 + 0.1i. This has been found to be the most appropriate value to use with this material 158 
(Aerosil 200V) and has been used in previous work with it (Xie, et al, 2005, Özcan-Taşkın, et 159 
al 2016, among others) 160 
 161 
2.6. Rheology Measurements 162 
The flow properties of the Aerosil® 200V dispersions and the glycerol solutions were 163 
examined using an Anton-Paar Rheolab QC rheometer (Anton Paar, Hertford, UK). Two 164 
measuring systems were used, the CC39 narrow gap coaxial cylinder geometry for the 165 
glycerol solutions and a vane and basket geometry (shown in Figure 3) for the Aerosil 166 
dispersions in order to minimise wall slippage. The vane and basket geometry consisted of a 167 
four bladed, 14mm x 35mm vane (ST14-4V-35) rotating in the CC39 cup fitted with a wire 168 
gauze sleeve.  169 
Barnes and Carnali (1990) used vane-in-cup geometry to measure flow curves of shear-170 
thinning non-Newtonian liquids. The use of a vane instead of the more conventional bob-in-171 
cup (coaxial cylinders) geometry has two main advantages. Firstly, any wall slippage is 172 
avoided since the yield surface is within the material itself. Secondly, inserting the vane causes 173 
much less structural disruption to a sample than a cylindrical bob. Barnes (2000) improved the 174 
vane-in-cup geometry by the addition of a slender gauze basket inserted inside the outer 175 
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cylinder. This vane and basket geometry allows slip to be prevented also at the wall of the 176 
cup, which can often occur but is usually ignored. 177 
 178 
 179 
Figure 3. Left) cup of the CC39 narrow gap coaxial cylinder geometry with the basket used 180 
with the vane pulled out; Centre) bob of the CC39; Right) ST14-4V-35 vane.  181 
 182 
For the two geometries used in this study, the representative shear rate (?̇?𝛾) was given by: 183 
?̇?𝛾 = �1 + 𝛽𝛽21 − 𝛽𝛽2�Ω                                                                        (1)
 
184 
and the corresponding representative shear stress (τ) was given by: 185 
𝜏𝜏 = 𝑇𝑇𝑜𝑜(1 + 𝛽𝛽2)4𝜋𝜋𝑅𝑅𝑏𝑏2(𝐿𝐿 + 𝐿𝐿𝑒𝑒)                                                                        (2) 186 
where β is the ratio of cup radius, Rc to bob or vane radius, Rb, Ω is the angular velocity in 187 
rad/s, L is the bob length, Le is the end effect equivalent length and To is the torque. These 188 
equations are the ones given in the ISO 3219 standard for the cup and bob geometry used. 189 
To be sure that the results that results obtained with both measuring systems were 190 
consistent, a 500 mPa·s mineral oil viscosity standard was measured using both. The results 191 
are shown in Figure 4. Based on this test it can be concluded that both the vane and basket 192 
and coaxial cylinder systems produce comparable results. 193 
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 194 
   195 
 196 
Figure 4. Comparison of the two rheometry systems used in this study using a standard 197 
mineral oil. 198 
 199 
3. Results and Discussion 200 
3.1. Power Input and Flow Regime 201 
Previous studies (Bałdyga et al., 2007; Özcan-Taşkın et al., 2011; Cooke et al., 2012) 202 
have shown that the power input of in-line rotor stators can be characterised by the following 203 
expression:  204 
𝑃𝑃 = 𝑃𝑃𝑃𝑃1𝜌𝜌𝑁𝑁3𝐷𝐷5 + 𝑃𝑃𝑃𝑃2𝜌𝜌𝑁𝑁2𝐷𝐷2𝑄𝑄                                                 (3) 205 
where P is power (W), ρ is density (kg/m3), N is the rotor speed (s-1), D is the external diameter 206 
of the rotor (m), Q is the flow rate (m3/s) and Po1 and Po2 are constants that depend on the 207 
rotor-stator geometry. The overall power number, Po, of the device, can therefore be defined 208 
as: 209 
𝑃𝑃𝑃𝑃 = 𝑃𝑃
𝜌𝜌𝑁𝑁3𝐷𝐷5
= 𝑃𝑃𝑃𝑃1 + 𝑃𝑃𝑃𝑃2𝐹𝐹𝐹𝐹                                                    (4) 210 
where Fl is the flow number: 211 
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𝐹𝐹𝐹𝐹 = 𝑄𝑄
𝑁𝑁𝐷𝐷3
                                                                        (5) 212 
𝑅𝑅𝑅𝑅 = 𝜌𝜌𝑁𝑁𝐷𝐷2
𝜇𝜇
                                                                      (6) 216 
The power number data obtained with the different viscosity fluids (glycerol solutions and 213 
water) were plotted against the Reynolds number, which was defined based on the rotor speed 214 
and rotor diameter as:  215 
Figure 5 shows the overall power number for the whole range of Reynolds numbers 217 
obtained with the GPDH-SQHS stator. The calorimetry experiments were carried at different 218 
flow rate and rotor speed combinations, therefore the flow number was not constant and the 219 
data were classified by dividing the flow number range into narrow sub-ranges. The dashed 220 
lines in Figure 5 correspond to the average overall power number for each flow number sub-221 
range and these show that, for a given flow condition, the overall power number is independent 222 
of the Reynolds number over the range of Reynolds numbers covered in this study (Re = 223 
2,400 – 600,000). A power number that is independent of the Reynolds number is 224 
characteristic of flow in the turbulent regime (Cooke et al., 2012). Therefore, it can be 225 
concluded from these calorimetry results that the flow within the rotor-stator is turbulent when 226 
the Reynolds number is greater than 2,400 and the flow number is constant and between 227 
0.008 and 0.05. 228 
 229 
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 230 
Figure 5. Overall power number as a function of the Reynolds number for different flow 231 
number ranges. 232 
As shown in Figure 6 power number values, Po1 and Po2, are similar for both stators. 233 
Whilst calorimetry results were obtained only in water with the EMSC stator, given that the 234 
same rotor is used in both cases and the only the shape and number of holes on the stator 235 
are different (Figure 2), it is expected that the flow regime within the rotor-stator under a given 236 
set of Reynolds and flow number conditions would be the same and hence the flow was taken 237 
to be turbulent for Re > 2,400 and 0.008 < Fl < 0.05, with the EMSC in glycerol solutions as 238 
well.       239 
 240 
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 241 
Figure 6. Overall power number vs Reynolds number for both stators used in this study. 242 
Insert table: Po1 and Po2 values for each stator. 243 
 244 
3.2. Dispersion Rheology 245 
Figure 7 shows the flow curves (shear stress as a function of shear rate) of the 10 and 246 
15%wt Aerosil pre-dispersions as well as those for the 10 and 100 mPa·s glycerol solutions 247 
used in the de-agglomeration tests. The viscosity of the 1%wt Aerosil dispersion in distilled 248 
water was close to that of water and was not measured, however a dashed line representing 249 
the flow curve of water was included in the Figure for reference.  250 
Pre-dispersions at 10 and 15%wt concentration are non-Newtonian. The 10%wt pre-251 
dispersion exhibits pseudoplastic behaviour with a flow behaviour index of 0.83. The rheology 252 
of the 15%wt  Aerosil® 200V in water predispersion is more complex which could be described 253 
using the Herschel-Bulkley model with a yield stress of about 23 Pa and a flow behaviour 254 
index of 0.60, as shown in Figure 7.  255 
 256 
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 257 
Figure 7. Flow curves of the dispersions (10 and 15%wt) and the glycerol solutions (10 and 258 
100 mPa·s) used in the de-agglomeration tests. dashed line: water flow curve, for reference. 259 
All measurements were performed at 20°C. 260 
 261 
These data are for 10 and 15%wt concentrations of the initial, i.e. coarse dispersions 262 
prepared in the tank before processing through the rotor-stator. Dispersion rheology changes 263 
during processing through the rotor-stator and the final dispersions tend to be Newtonian and 264 
have a lower viscosity. Padron et al. (2008) reported viscosity values for 10 and 15%wt 265 
dispersions of 4.7 and 19 mPa·s, respectively, after being processed with the rotor-stator. 266 
Similar findings were also reported when processing Aerosil® 200V in water dispersions at 267 
these concentrations with other energy intensive devices: 6.7 mPa s for 10 %wt. by Kamaly 268 
et al (2017) who used a batch rotor-stator and 4 mPa·s for 15%wt Aerosil® 200V by Gavi et al 269 
(2017) who used a microfluidic device. The low values which would be at the limits of most 270 
rheometers can account for the variation and it can be concluded that the final dispersion 271 
rheology, different from that of the pre-dispersion, is Newtonian with a viscosity slightly higher 272 
than that of water. 273 
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As expected, the two glycerol solutions are Newtonian (Figure 7) at a viscosity of 9.7 and 274 
98 mPa·s which are referred by a nominal viscosity value of 10 and 100 mPa·s . 275 
  276 
3.3. Particle De-Agglomeration 277 
The particle size distribution evolution for 1%wt and 10%wt Aerosil 200V in distilled water 278 
and 1%wt Aerosil 200V in 100 mPa·s glycerol solution are presented in Figure 8, Figure 9 279 
and Figure 10, respectively. In all cases the dispersions start with a monomodal distribution 280 
(t = 0) and then, as time progresses, fine particles (< 1 µm) appear, which increase in volume 281 
fraction but remain in practically the same size range. The coarse particles, on the other hand, 282 
decrease in volume fraction and become smaller. This particle size distribution evolution is 283 
consistent with erosion being the predominant break up mechanism (Özcan-Taşkin et al., 284 
2009), where small particles (aggregates) are chipped off the surface of large agglomerates. 285 
The bimodal distributions observed in the coarse peaks in Figure 8 are likely to be due the 286 
recycle mode in which the experiments were carried out (for any given time some coarse 287 
particles will have gone through the rotor-stator more times than others) and/or due to 288 
sampling/measurement error.   289 
Figure 11 shows Scanning Electron Microscope images of Aerosil 200V particles after 290 
being de-agglomerated, which show small particles of a size consistent with the fines peak 291 
measured by laser diffraction along with larger agglomerates (although it is recognised that 292 
the drying process prior to obtaining images would have caused some of these to re-293 
agglomerate). 294 
The main difference between the particle size distribution evolutions shown in Figure 8, 9 295 
and 10 is the rate at which the process occurs, which will be examined by analysing the rate 296 
at which fines are generated.  297 
 298 
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 299 
Figure 8. Particle size distribution evolution of 1%wt Aerosil® 200V in distilled water. 300 
 301 
 302 
Figure 9. Particle size distribution evolution of 10%wt Aerosil® 200V in distilled water. 303 
 304 
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 305 
Figure 10. Particle size distribution evolution of 1% wt Aerosil® 200V in 100 mPa·s glycerol 306 
solution. 307 
 308 
Figure 11. SEM images of Aerosil particles after processing with the rotor-stator. a) 20,000x 309 
magnification; b) 100,000x magnification 310 
 311 
Figure 12 shows the size of the fines, which has been characterised as the Sauter mean 312 
diameter (or area-weighted mean diameter, d32) of the fines peak (< 1 µm), as a function of 313 
the number of tank turnovers (number of passes through the rotor-stator mixer), NT: 314 
𝑁𝑁𝑇𝑇 = 𝑄𝑄𝑉𝑉 𝑡𝑡                                                                                  (7) 315 
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It can be seen that the size of the fines is independent of the operating conditions, i.e. 316 
remains fairly constant throughout the de-agglomeration process. This is consistent with 317 
previous work with Aerosil® 200V (Özcan-Taşkin et al., 2009; Özcan-Taşkın et al., 2016) 318 
where erosion was noted to be the predominant mechanism with the finest attainable 319 
fragments being chipped off the surfaces of large agglomerates. It also indicates that the size 320 
of the finest fractions obtained is determined by the size of the aggregates, rather than primary 321 
particles, due to the conditions during the manufacture of the material - the high temperatures 322 
employed during flame pyrolysis resulting in the primary particles being fused into aggregates. 323 
There is a relatively small variation in the average d32 values for each test and the fines 324 
obtained with the 100 mPa·s solution are slightly larger than the rest, but even these are within 325 
the range that has been measured before with this material. 326 
 327 
 328 
Figure 12. Fines mean size (d32) as a function of the number of tank turnovers. 329 
 330 
The volume fraction of fines generated as a function of the number of tank turnovers for 331 
all the de-agglomeration tests carried out in water and glycerol solutions is presented in Figure 332 
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13. For the dispersions at different concentrations in water (1 mPa·s) the differences in the 333 
data for different concentrations are within the scatter of data and hence the effect of particle 334 
concentration in these cases can be considered to be negligible. On the other hand, when the 335 
viscosity of the continuous phase is increased, the fines generation rate decreases. At 10 336 
mPa·s, the fines generation rate is lower than those obtained with the water-based dispersions 337 
and there is a small lag in the production of fines at the start of the process (< 5 tank turnovers). 338 
When the viscosity of the continuous phase is further increased to 100 mPa·s the rate of fines 339 
generation decreases significantly and at the end of three hours of processing, only about 340 
20% of the volume of particles corresponds to fines.  341 
The fines generation rate as a function of the number of tank turnovers can be quantified 342 
using the following expression (Özcan-Taşkın et al., 2016): 343 
 𝐹𝐹 = 1 − 𝑅𝑅−𝑍𝑍𝑁𝑁𝑇𝑇                                                                      (8) 344 
where F is the fraction of fines (as a volume fraction) and Z is the volume fraction of fines 345 
produced per turnover. The lines shown in Figure 13 are the best fit of Equation 8 to the 346 
experimental data and Table 1 contains the Z values obtained. The average Z value of all the 347 
water-based experiments is 0.0403 ± 0.007 (where 0.007 is the standard deviation). The Z 348 
value at 10 mPa·s, which is 0.034, is about 60% of the water-based average and the Z value 349 
at 100 mPa·s, 0.0037, is an order of magnitude smaller than this.  350 
 351 
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 352 
Figure 13. Fines volume fraction as a function of the number of tank turnovers (reported 353 
viscosities correspond to the continuous phase). Solid lines: Equation 8. 354 
 355 
Table 1 also shows viscosities of the continuous phase for each experiment. In the 356 
case of the 10 and 15%wt water-based dispersions, these are apparent viscosities as they 357 
depend on shear rate. There are different definitions of shear rate that can be used for 358 
estimating the apparent viscosities. The values reported in Table 1 correspond to two different 359 
shear rate definitions. The first one is based on the tip velocity of the rotor (vtip = πND) and the 360 
gap between the rotor and the stator (δ):  361 
?̇?𝛾𝑔𝑔 = 𝑣𝑣𝑡𝑡𝑡𝑡𝑡𝑡𝛿𝛿                                                                              (9) 362 
which represents the conditions in the rotor-stator gap. The other one is the Kolmogorov shear 363 
rate, ?̇?𝛾𝐾𝐾, which is representative of the smallest eddies of the turbulent flow field (eddies of the 364 
order of the Kolmogorov microscale, ηK): 365 
?̇?𝛾𝐾𝐾 = � 𝜀𝜀𝜈𝜈𝐶𝐶�1 2⁄                                                                           (10) 366 
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𝜂𝜂𝐾𝐾 = �𝜈𝜈𝐶𝐶3𝜀𝜀 �1 4⁄                                                                       (11) 367 
where ε is the mean energy dissipation rate (specific power input, 7.1 W/kg in all cases) and 368 
νc is the kinematic viscosity of the continuous phase (m2/s). Table 1 also contains the values 369 
of the Reynolds number (Equation 6) using the two different viscosities in the case of the 370 
shear-dependent dispersions. As mentioned before, previous studies have shown that the 371 
viscosity of Aerosil 200V dispersions reduces during the de-agglomeration process. 372 
Therefore, the apparent viscosities and Reynolds numbers reported in Table 1, which are 373 
based on the initial rheology of the dispersions reported in Figure 7, should be considered the 374 
worst-case scenario and are only truly representative of conditions at the start of the process. 375 
However, given that as the de-agglomeration progresses, the viscosities reduce and, 376 
therefore, the Reynolds number increases, the values in Table 1 show that under all the 377 
conditions tested and irrespective of the shear rate definition used the Reynolds number was 378 
always greater than 2,400 and, therefore, the flow in the rotor-stator was always turbulent (the 379 
flow number was 0.018 in all cases). This implies that the effect of the continuous phase 380 
viscosity observed in the glycerol solution-based dispersions is not due to a change in the bulk 381 
flow regime through the device.  382 
 383 
Table 1. Dispersion nominal viscosities (at 20°C), Reynolds numbers, and Z values 384 
 385 
(g): based on the gap shear rate (Equation 10) 386 
(K): based on the Kolmogorov shear rate (Equation 11) 387 
 388 
In an erosive de-agglomeration, small fragments (fines) are broken off the surface of 389 
the agglomerates. Therefore, it is the flow conditions around the agglomerates that control the 390 
µ(a) (g) µ(a) (K) Re (g) Re (K) Z
mPa·s mPa·s - - -
1%wt A-W 1 1 534,273 534,273 0.047
10%wt A-W 18.6 38.3 32,131 15,618 0.034
15%wt A-W 15.8 92 39,899 6,850 0.040
1%wt A-10 mPa·s G-W 9.7 9.7 63,418 63,418 0.024
1%wt A-100 mPa·s G-W 98 98 6,661 6,661 0.0037
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process. The highest concentration used in this study, 15%wt, corresponds to less than 8% in 391 
volume terms (the material density of fumed silica is approximately 2,200 kg/m3), which means 392 
that at the agglomerates’ scale, the agglomerates in the water-based dispersions are mostly 393 
surrounded by water, regardless of what the bulk viscosity of dispersion may be. In the case 394 
of the dispersions in glycerol-water solutions, however, even at the agglomerates’ scale, the 395 
viscosity of the continuous phase is the same as the bulk viscosity (the solids concentration 396 
in these cases were only 1%wt, which does not affect the bulk viscosity).  397 
The smallest turbulent eddies, for a given specific power input, are of the order of the 398 
Kolmogorov microscale (Equation 11) and the turbulent eddies that are more likely to break 399 
off small fine particles from the surface of an agglomerate are those that are equal or smaller 400 
than the agglomerate. Eddies that are larger than the agglomerate are more likely to transport 401 
the agglomerate than to break up or erode it (this is an assumption commonly made in the 402 
turbulent liquid-liquid dispersion literature - see, for instance, Leng and Calabrese (2004) – 403 
but it is likely to also be valid for solids de-agglomeration processes). Table 2 shows the initial 404 
agglomerate size for each of the experiments (d32,t=0), the Kolmogorov microscale based on 405 
the mean specific power input of 7.1 W/kg and the Z values, i.e. the rate at which fines were 406 
generated (effectively the breakup rate) during the tests. These numbers show that in the case 407 
of the water-based dispersions the initial agglomerate size is larger than or at least of the order 408 
of the Kolmogorov microscale, whereas in those with higher continuous phase viscosities 409 
(dispersions in glycerol solutions) the eddies are larger or much larger than the agglomerates. 410 
This does not mean that in the glycerol solution based dispersions erosion cannot occur 411 
because inside the rotor-stator mixing head, where the de-agglomeration actually occurs, the 412 
local energy dissipation rates are many times higher than the mean (Özcan-Taşkin et al., 413 
2011), which means that the local Kolmogorov microscales are much smaller and there will 414 
be eddies of appropriate sizes to break fines off the agglomerates. However, there seems to 415 
be a correlation between d32,t=0/ηK and the Z values (shown graphically in Figure 14), which 416 
suggests that this ratio can be used to determine whether the continuous phase viscosity will 417 
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affect the flow conditions around the particles enough to affect the de-agglomeration rate, 418 
even though the flow may still be fully turbulent.      419 
 420 
Table 2. Continuous phase viscosities, initial agglomerate sizes, Kolmogorov microscale and 421 
Z values. 422 
 423 
 424 
 425 
Figure 14. Z value as a function of the initial d32 of the agglomerates relative to the mean 426 
Kolmogorov microscale 427 
 428 
Even though the water-based dispersions at different solids concentrations did not 429 
show a significant difference in breakup rate on a tank turnover basis, the higher the 430 
concentration, the higher the amount of solids that are processed in a given period of time. 431 
µC d32,t=0 ηK d32,t=0/ηk Z
mPa·s µm µm - -
1%wt A-W 1 28.9 19.4 1.48 0.047
10%wt A-W 1 36.1 19.4 1.86 0.034
15%wt A-W 1 38.1 19.4 1.97 0.040
1%wt A-10 mPa·s G-W 9.7 38 95.8 0.4 0.024
1%wt A-100 mPa·s G-W 98 44.1 519.2 0.08 0.0037
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Figure 15 shows the fines generation curves for these dispersions as a function of the energy 432 
expenditure per unit mass of solids (ms):   433 
𝐸𝐸𝑚𝑚 = 𝑃𝑃𝑚𝑚𝑠𝑠 𝑡𝑡                                                                          (12) 434 
 435 
 436 
Figure 15. Fines volume percent as a function of the energy per unit mass of solids. 437 
 438 
Table 3. Specific energy (per unit mass of solids) required to achieve a certain fines volume 439 
fraction at different solids concentrations. 440 
 441 
 442 
On this basis, it is more energy efficient to operate at higher solids concentration (higher 443 
fines volume for a given energy per mass of solids). This is also shown in Table 3:  the energy 444 
Fines, %vol 50 75 85
1%wt 1.82 4.31 5.65
10%wt 0.23 0.52 0.67
15%wt 0.13 0.28 0.39
Specific Energy, MJ/kg(solids)
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required per unit mass of solids to achieve a given fines fraction is, at least one order of 445 
magnitude higher at 1%wt than at 15%wt and 72 - 85% higher at 10%wt than at 15%wt. 446 
Therefore, for a given amount of solids to be de-agglomerated, operating at a high 447 
concentration would be more energy efficient- provided that the dispersion rheology is not 448 
highly complex leading to compartmentalisation in the feed tank. Once a concentrated master 449 
batch is prepared, it can be diluted as required.   450 
 451 
4. Conclusions 452 
The effects of solids loading (up to 15%wt) and continuous phase viscosity on the 453 
deagglomeration of clusters of nanoscale silica particles have been studied using an in-line 454 
rotor-stator. The power draw of the in-line rotor-stator (Silverson 150/250MS) has also been 455 
characterised at Reynolds numbers between 2,400 and 600,000 and flow numbers between 456 
0.008 and 0.05. The results show that the flow in the rotor-stator mixer is turbulent within this 457 
range of conditions.  458 
Increasing the concentration of the solids used, Aerosil® 200V in water, resulted in a 459 
notable effect on the pre-dispersion rheology. Whilst water-like at 1%, pseudoplastic 460 
behaviour was noted at 10% wt.: 𝜏𝜏 = 0.149 ?̇?𝛾0.83    and the flow behaviour of the 15% wt. pre-461 
dispersion could best be described with the Herschel-Bulkley model: 𝜏𝜏 = 22.9 + 1.94 ?̇?𝛾0.60. 462 
The breakup rate, quantified as the fines generation rate, was not significantly affected by 463 
solids concentration within the range covered. At these concentrations, the agglomerates are 464 
mainly surrounded by water regardless of what the bulk viscosity may be at any stage of the 465 
process, which means that the flow conditions around the particles do not change significantly. 466 
It could therefore be concluded that it is more energy efficient to operate at higher solids 467 
concentrations because a much larger amount of solids is processed in a given time and, 468 
hence the energy expenditure per unit mass of solids is lower. This is provided that the flow 469 
through the rotor-stator remains turbulent. 470 
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Increasing the continuous phase viscosity on the other hand, decreased the rate of de-471 
agglomeration. In this case, even though the bulk flow is fully turbulent, the flow conditions 472 
around the particles do change, which is evidenced by the increase in the Kolmogorov 473 
microscale (size of smallest turbulent eddies) with increasing continuous phase viscosity. This 474 
means that the flow conditions around the particles are no longer turbulent, which affects the 475 
de-agglomeration rate.  The ratio of the initial mean agglomerate size to the Kolmogorov 476 
microscale based on the mean specific power input correlates with the Z value (rate of fines 477 
generation), which suggest that this ratio can be used to determine if the flow conditions 478 
around the particles will affect the breakup rate. 479 
In all cases, the predominant mechanism of break up was erosion and the dispersion 480 
fineness was determined by the size of aggregates.  481 
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 487 
Nomenclature 488 
C Impeller’s off-bottom clearance (m) 489 
d32  Sauter mean diameter (µm) 490 
d32,t=0  initial Sauter mean diameter (µm) 491 
D  rotor diameter (m) 492 
DI  impeller diameter (m) 493 
EM  Energy per unit mass of solids (MJ/kg) 494 
F volume fraction of fines (-) 495 
L bob length (m) 496 
Le end effect equivalent length (m) 497 
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mS mass of solids (kg) 498 
N  rotor speed (s-1 or rpm) 499 
NT number of tank turnovers (-) 500 
P power (W) 501 
Po1 power number 1 constant (-) 502 
Po2  power number 2 constant (-) 503 
Q flow rate (l/s or m3/s) 504 
Rb bob or vane radius (m) 505 
Rc cup radius (m) 506 
t time, s 507 
T  tank diameter (m) 508 
To Torque (Nm) 509 
vtip rotor tip velocity (m/s) 510 
V volume of dispersion (m3) 511 
Z volume fraction of fines produced per turnover (-)  512 
Greek letters 513 
β ratio of cup radius to bob or vane radius (-) 514 
?̇?𝛾 shear rate in rheometer (s-1) 515 
?̇?𝛾𝑔𝑔 shear rate based on the rotor-stator gap (s-1)  516 
?̇?𝛾𝐾𝐾 Kolmogorov shear rate (s-1)  517 
δ rotor-stator gap (mm) 518 
ε  energy dissipation rate (m2/s3) 519 
ηK  Kolmogorov microscale (m) 520 
µ(a)  (apparent) dynamic viscosity (mPa·s) 521 
µC  continuous phase dynamic viscosity (mPa·s) 522 
νC  continuous phase kinematic viscosity (m2/s) 523 
ρ  density (kg/m3) 524 
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τ shear stress (Pa) 525 
Ω angular velocity (rad/s) 526 
Dimensionless numbers 527 
Po Power number (Equation 4) 528 
Fl Flow number (Equation 5) 529 
Re Reynolds number (Equation 6) 530 
 531 
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